The fin-to-limb transition represents one of the major vertebrate morphological innovations associated with the transition from aquatic to terrestrial life and is an attractive model for gaining insights into the mechanisms of morphological diversity between species 1 . One of the characteristic features of limbs is the presence of digits at their extremities. Although most tetrapods have limbs with five digits (pentadactyl limbs), palaeontological data indicate that digits emerged in lobed fins of early tetrapods, which were polydactylous 2 . How the transition to pentadactyl limbs occurred remains unclear. Here we show that the mutually exclusive expression of the mouse genes Hoxa11 and Hoxa13, which were previously proposed to be involved in the origin of the tetrapod limb [1] [2] [3] [4] [5] [6] , is required for the pentadactyl state. We further demonstrate that the exclusion of Hoxa11 from the Hoxa13 domain relies on an enhancer that drives antisense transcription at the Hoxa11 locus after activation by HOXA13 and HOXD13. Finally, we show that the enhancer that drives antisense transcription of the mouse Hoxa11 gene is absent in zebrafish, which, together with the largely overlapping expression of hoxa11 and hoxa13 genes reported in fish [3] [4] [5] [6] [7] , suggests that this enhancer emerged in the course of the fin-to-limb transition. On the basis of the polydactyly that we observed after expression of Hoxa11 in distal limbs, we propose that the evolution of Hoxa11 regulation contributed to the transition from polydactyl limbs in stem-group tetrapods to pentadactyl limbs in extant tetrapods.
. Comparison of their expression pattern in fin and limb buds revealed a significant expansion of the Hox13 domain in distal limbs 15 and engineered enlargement of the Hoxd13 domain in fish resulted in more chondrogenic tissue forming distally as well as fin fold reduction 12 -that is, morphological changes associated with the fin-to-limb transition. It was thus proposed that the evolution of Hox13 regulation has likely been instrumental to the emergence of the limb characteristic feature, that is, the digits 10, 12 . In mice, this regulation relies on a series of remote transcriptional enhancers 16, 17 , and although a subset of these enhancers exists in fish 18 , the expansion of the Hox13 domain in limb was probably associated with the emergence of tetrapod-specific enhancers during the fin-to-limb transition [10] [11] [12] [13] . Another notable difference is the mutually exclusive expression of Hoxa11 and Hoxa13 in tetrapod limbs, contrasting with their largely overlapping expression in fins [3] [4] [5] [6] [7] . Two hypotheses have been put forward to explain how Hoxa11 gets proximally restricted in tetrapod limbs. One hypothesis suggested a Hoxa13-dependent repression of Hoxa11 in the presumptive autopod 9, 13, 19 , whereas the second proposed that antisense transcription at the Hoxa11 locus prevents expression of the gene distally [20] [21] [22] , but the functional importance of the mutually exclusive expression of Hoxa11 and Hoxa13 in tetrapod limbs is unknown.
Previous chromatin conformation analyses revealed that, in distal limbs, 5′ HoxA genes (that is, Hoxa9 to Hoxa13) are grouped within a chromatin sub-topological domain (sub-TAD) interacting with subTADs containing distal limb enhancers 17 . Yet, although Hoxa10 and Hoxa13 are both expressed distally, Hoxa11 expression is proximally restricted (Fig. 1a-c) , suggesting that Hoxa11 is part of the distal limb regulatory landscape, but a specific, yet unknown, mechanism prevents its expression distally 13, 19 . To test this possibility, we first took advantage of a mouse line in which the Hoxa11 gene is replaced by a PGK-neomycin resistance cassette 23 , which we used as a reporter transgene. We found neomycin expression in distal limbs (Fig. 1d) , indicating that Hoxa11 proximal restriction is linked to specific feature(s) of the gene itself. We next analysed the putative implication of antisense long non-coding RNAs previously identified at the Hoxa11 locus 20, 21 and robustly expressed in the distal limb bud 20 ( Fig. 1e ). Among the distinct Hoxa11 antisense transcripts (Hoxa11as, also known as Hoxa11os), two initiate upstream of the Hoxa11 gene and are thus non-overlapping with Hoxa11 (Hoxa11as-a; Fig. 1e ) and the other two initiate within Hoxa11 exon 1 (Hoxa11as-b; Fig. 1f) . Notably, only Hoxa11as-b expression pattern is mutually exclusive with Hoxa11 expression domain (Fig. 1f, compare with Fig. 1b) . To test whether antisense transcription overlapping with Hoxa11 exon 1 prevents Hoxa11 expression distally, we took advantage of the Hoxa11 eGFP mutant line, which lacks Hoxa11as-b start sites as the enhanced green fluorescent protein (eGFP) coding sequence replaces most of Hoxa11 exon 1 (ref. 24) . This mutation disrupted antisense transcription normally initiating 3′ to Hoxa11 promoter (Extended Data Fig. 1a, b) while gfp expression driven by the Hoxa11 promoter was present both in the proximal and distal domains (Fig. 1g) . By contrast, ectopic expression of Hoxa11as-b in the entire limb had no effect on Hoxa11 expression (Extended Data Fig. 2c-e) , thereby excluding a trans-acting effect of Hoxa11as-b on Hoxa11 expression. Together, our data suggest that Hoxa11 distal repression is due to the antisense transcription event or the antisense Hoxa11as-b transcripts acting in cis.
Previous mapping of active enhancers in distal limbs 17 (referred to as 'digit' enhancers hereafter) uncovered a putative 'digit' enhancer embedded in Hoxa11 intron. We thus proposed that this enhancer might control Hoxa11as-b expression. We first tested the transcriptional enhancer activity of this DNA region in transgenic embryos and confirmed its ability to act as a transcriptional enhancer in distal limbs (Fig. 2a) . Next, we generated mutant mice lacking this enhancer (Hoxa11 ΔInt/ΔInt limbs showed no detectable expression of Hoxa11as-b in the most distal cells (Fig. 2b, c) , indicating that in these cells, the Letter reSeArCH identified enhancer is required for antisense transcription overlapping with Hoxa11 exon 1. Some Hoxa11as-b expression remained in proximal cells of the presumptive handplate (presumptive carpal region; Fig. 2c ), which suggests that additional cis-regulatory element(s) trigger antisense transcription in these cells. Notably, the deletion of the enhancer abrogating Hoxa11as-b expression in the most distal cells also resulted in ectopic expression of Hoxa11 in the presumptive digits (Fig. 2d, e) . The gain-of-sense transcription in Hoxa11 eGFP/eGFP distal limbs (Fig. 1g) indicates that it is not the intronic regulatory region per se but Hoxa11as-b expression or the antisense transcription event that represses Hoxa11 expression distally.
Analysis of the enhancer sequence revealed several putative binding sites for HOXA13, the expression of which occurs in digit progenitor cells 25 and is required in conjunction with HOXD13 for digit morphogenesis 14 . Chromatin immunoprecipitation followed by highthroughput sequencing (ChIP-seq) indicated that, in distal limb cells, HOXA13 as well as HOXD13 bind to the identified enhancer (Extended Data Fig. 3a) . Moreover, transcription assay in 293T cells shows that HOXA13 has a positive effect on the enhancer activity (Extended Data Fig. 3b ). Together, these results raised the possibility that distal Hoxa11 antisense transcription relies on HOX13. We thus analysed Hoxa11 antisense transcription in the Hoxa13;Hoxd13 allelic series. We used the probe recognizing all antisense transcripts such that expression in the proximal limb, where Hox13 genes are not expressed, served as internal control. We found that although antisense transcription is barely modified in single mutants (Extended Data To assess the functional significance of the HOXA13/D13-mediated repression of Hoxa11, we investigated the phenotypic outcome of distal Hoxa11 expression. Although the deletion of the enhancer driving antisense transcription results in Hoxa11 expression in distal limbs, the deletion extends up to the exon 1-intron boundary, thereby precluding the use of this mutant line to assess the phenotype resulting from distal Hoxa11 expression. We thus generated a Hoxa11 conditional gain-of-function allele (Rosa26
Hoxa11
; Extended Data Fig. 6 ) to express Hoxa11 ectopically and distally. We found that embryos carrying the Rosa26
Hoxa11 allele and either Hoxa13:Cre (ref. 25) or Prx1:Cre (ref. 26 ) have limbs with extra digits (Fig. 3g, h ), including post axial extra digits (arrow in Fig. 3h and Extended Data Fig. 7 ). While some variations in the digit phenotype were observed among individuals, all homozygous mutants analysed were polydactylous (Extended Data Fig. 7c-e) . Increased expression of Hoxd11 in the presumptive autopod in the absence of Hoxd13 also resulted in polydactyly, whereas a similar gain of Hoxd10 or Hoxd12 had no effect on digit number 27 . These data raise the possibility that the formation of extra digits upon ectopic expression of Hoxa11 or Hoxd11 distally reflects the divergence between Hoxa11/Hoxd11 targets and those of the other 5′ HoxA/D genes. Notably, the evidence that Hoxa11 expression in the distal limb results in the formation of extra digits indicates that the proximal restriction of Hoxa11 expression is required for the pentadactyl state.
In contrast to the mutually exclusive Hoxa11 and Hoxa13 pattern in tetrapod limbs, hoxa11 and hoxa13 gene expression is largely overlapping in zebrafish fins [3] [4] [5] [6] [7] (Extended Data Fig. 8 ) as well as in other teleosts 28 (the medaka Oryzias latipes) and in fish models of both chondrichthyans 5 (Scyliorhinus canicula) and basal actinopterygians 3 (Polyodon spathula). The HOXA13/D13-mediated repression of Hoxa11 identified in distal limb cells was thus probably implemented after the separation of actinopterygians and chondrichthyans, during the evolution of vertebrates towards tetrapod species. Consistent with this hypothesis, no hoxa11 antisense transcription has been reported in fish 22, 29 (Extended Data Fig. 9 ). Moreover, sequence comparison of the mouse Hoxa11 intron showed robust conservation among tetrapods, whereas considerably weaker sequence conservation was observed with fish hoxa11 orthologues (Fig. 4a) . To examine whether the lack of hoxa11 antisense transcription in fish could be due to the absence of a distal enhancer within hoxa11 intron, we tested the zebrafish hoxa11a and hoxa11b intronic sequences for potential enhancer activity using transgenic reporter assays in both zebrafish and mice. Neither the hoxa11a nor hoxa11b intron was capable of triggering expression of a reporter gene in fin nor in mouse limb buds (Extended Data Table 1 ), indicating that there is no distal enhancer in hoxa11a nor hoxa11b intron. By contrast, when we tested the transcriptional activity of the mouse Hoxa11 intron in zebrafish, the analysis of four stable transgenic lines revealed that the mouse Hoxa11 intron was able to drive reporter gene expression in the pectoral fin mesenchyme (Fig. 4b, c) . At 60 hours post-fertilization (hpf), eGFP-positive cells were present at the distal rim of the endoskeletal disc and migrating into the fin fold (Fig. 4b) and by 72 hpf most eGFP-positive cells were found in the fin fold mesenchyme (Fig. 4c) . The expression of the reporter transgene was reminiscent of hoxa13a expression at 60 hpf (Fig. 4d ) and 72 hpf (Fig. 4e) , indicating that the mouse enhancer in Hoxa11 intron was active in the Hoxa13 domain also in zebrafish. Together, our data indicate that all the transcription factors required for the activity of the mouse enhancer are present in zebrafish fins, and that the enhancer driving Hoxa11 antisense transcription does not exist in the intron of the zebrafish hoxa11a and hoxa11b genes. We therefore propose that the emergence of the enhancer triggering Hoxa11 antisense transcription, and thus distal repression of Hoxa11, occurred in the course of evolution towards tetrapod species.
In summary, our work reveals that the mutually exclusive expression of Hoxa11 and Hoxa13 in tetrapods is associated with the emergence of a transcriptional enhancer in Hoxa11 intron, which upon HOXA13/ D13-dependent activation, triggers antisense transcription and thereby Letter reSeArCH prevents Hoxa11 expression distally. On the basis of the evidence that this HOX13-mediated regulation of Hoxa11 probably emerged during the fin-to-limb transition and the polydactyly resulting from distal expression of Hoxa11 in mice, we propose that the evolution of Hoxa11 regulation has contributed to the transition from polydactyly in stemgroup (extinct) tetrapods to pentadactyly in extant tetrapods. 14, 23, 24, 30 .
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Rosa
Hoxa11 knock-in allele was constructed as followed: PacI-AscI fragment from pBTG (Addgene plasmid 15037) 31 was inserted into the previously described Rosa26 targeting vector 32 pROSA26Am1 (Addgene plasmid 15036) 31 . The mouse Hoxa11 cDNA was inserted at the SmaI site within the MCS. The vector was linearized by SwaI digest prior electroporation into embryonic stem (ES) cells. After double selection using G418 and DTA negative selection, 96 ES cell clones were analysed by Southern blot for homologous recombination. Two independent clones were injected into blastocysts obtained from C57BL/6J mice, subsequently implanted into pseudo-pregnant females. After germline transmission of the Rosa Hoxa11 allele, mice and embryos were genotyped by Southern blot (a scheme with restriction sites and probes used is presented in Extended Data Fig. 6 ) and PCR. The following PCR primers were used: fw_wt : 5′-GCAATACCTTTCTGGGAGTTCT-3′, rev_wt : 5′-TCGGGTGAGCATGTCTTTTAATC-3′, rev_flox : 5′-TTCAATGGCC GATCCCATATT-3′, rev_del : 5′-AGGTTGGAGGAGTAGGAGTATG-3′. Wildtype band: 384 bp, flox band: 881 bp, del band: 583 bp. The moderate transcription resulting from the Rosa26 promoter allowed for Rosa26
Hoxa11 expression at a level comparable to the Hoxa11 gain observed in our series of mutants.
Hoxa11
ΔInt mouse line was generated through pronuclei injection of single-guide RNAs ( sgRNAs). We used the CRISPR (http://crispr.mit.edu/) platform to design sgRNAs flanking the region to delete. Complementary strands were annealed, phosphorylated and cloned into the BbsI site of pX330 CRISPR/Cas9 vector (Addgene plasmid 42230) 33 . SgInt1_fw : 5′-CACCGACTCCCCTTTCATAAAGCCC-3′; SgInt1_rev : 5′-AAACGCGCTTTATGAAAGGGGAGTC-3′; SgInt2_fw : 5′-CACCGAGCAACAGGCGAGTTTGCGC-3′; SgInt2_rev : 5′-AAACGCGC AAACTCGCCTGTTGCTC-3′. Mice and embryos were genotyped by Southern blot (a scheme with restriction sites and probe used is presented in Extended Data Fig. 2) as well as PCR. The Southern blot probe corresponds to the ScaIHpaI fragment in the 3′ untranslated region (UTR) of the Hoxa11 gene. Primers used for PCR genotyping, fw: 5′-GGCCACCTAAGGAAGGAGAG-3′; rev: 5′-GGCTCCGGTGCGTATAAAG-3′
Three Prx1-Hoxa11as transgenic lines were derived from three distinct founders obtained from pronuclear injection of the Prx1-Hoxa11as transgene. The Prx1-Hoxa11as transgene carries the Prx1 promoter upstream of the mouse Hoxa11as (GenBank: U20367.1 and U20366.1) and the SV40 polyadenylation sequence was inserted downstream Hoxa11as. Embryos were genotyped by PCR using DNA from the amniotic membrane and the following pair of primers: fw: 5′-CTTTCTCTCTGGCTCTGATG-3′ and rev: 5′-GACAAGAACGCCGAGAA-3′ (for U20367.1) or fw: 5′-GTCCGAGGAAAAGGAGGTAG-3′ and rev: 5′-GCTCCTCTAACATGTATTTG-3′ (for U20366.1).
All mice were of mixed background (C57BL/6 X 129). The Tg(m-Inta11-LacZ) transgene was generated by subcloning the mouse Hoxa11 intron upstream of the Hbb (β-globin) minimal promoter and a LacZΔCpG NLS reporter. The H19 insulator was inserted upstream of the Hoxa11 intron. Tg(m-Inta11-LacZ) embryos were produced by pronuclear injection. Whole-mount in situ hybridization, X-gal staining, skeletal preparations and imaging. For skeletal preparation, newborn mice were processed using the standard alcian blue alizarin red staining protocol 34 (n = 10 for each genotype). Whole-mount in situ hybridizations were performed using previously described protocol 35 and probes 35 (gfp 36 , Neo, Hoxa11, Hoxa13). Embryos were genotyped prior in situ hybridization (no blinding). Hoxa11as probes were generated using limb cDNA and the following primers: fw 5′-AGAGGCGCTGAGGAGCCTTCTC-3′ and rev 5′-GGCCGCTGTGGACACTAGCATATACC-3′ (probe A); fw 5′-CCT TCTCGGCGTTCTTGTC-3′ and rev 5′-GGCATACTCCTACTCCTCCAACCT-3′ (probe B).
X-gal staining was performed using standard protocol
35
. Embryos were genotyped after X-gal staining (which results in blinding test).
All mouse specimens were imaged using the Leica DFC450C camera. For each experiment, a minimum of three embryos per genotype was used as we considered that reproducible staining/expression patterns with three distinct embryos of the same genotype are significant. The experiments shown were repeated at least twice. We did not use the randomization method. Subcloning of zebrafish hoxa11a/b intron and microinjections in zebrafish embryos. The zebrafish hoxa11a (713 bp; gene ID 58061, NCBI) and hoxa11b (747bp; gene ID 30382, NCBI) introns were amplified from zebrafish genomic DNA using the following primers: hoxa11a intron: fw 5′-GAATTCAACAGTAAG TACGAGCTCAAC-3′; rev 5′-GGTACCACCTAAATGTAAATACACGT-3′; hoxa11b intron: fw 5′-GAATTCCAGCGGCAGCAGCAGTACGT-3′; rev 5′-GGTACCCCGTGTCTTTTGTCCATCTAA-3′.
The zebrafish hoxa11a and hoxa11b and the mouse Hoxa11 introns were subcloned into the pEGFP-N1 vector (CLONTECH Laboratories, Inc.) in which the CMV promoter upstream of eGFP was replaced with the human HBB minimal promoter using the following primers: fw 5′-GGATCCCTGGGCATAAAAGTCAG-3′, rev 5′-ACCGGTTCTGCTTCTGGAAGGCT-3′. This vector also contains the Tol2 arms to increase transgenesis efficiency. For screening purposes, a heart marker (cmlc2:mCherry 37 ) was added to zebrafish Tg(z-Inta11a-eGFP) and Tg(z-Inta11b-eGFP) constructs. All constructs were microinjected in one-cell stage wild-type zebrafish embryos at a concentration of 100 ng μl −1 together with 50 ng μl −1 transposase mRNA.
Generation of zebrafish transgenic lines. Primary injected zebrafish (P 1 ) are raised until 3 months of age, and then are screened for transgenic progeny (F 1 ). P 1 fish are crossed with wild-type fish and the embryos are screened at 2 days post-fertilization (dpf ). Owing to lack of fin fold eGFP expression in the Tg(z-Inta11a-eGFP; cmlc2:mCherry), Tg(z-Inta11b-eGFP; cmlc2:mCherry) injected fish, embryos were screened for the presence of the cmlc2:mCherry heart marker and genotyped to confirm the presence of the hoxa11a/b intron:eGFP elements. The following primers were used for genotyping: hoxa11a: fw 5′-GGTACCACCTAAATGTAAATACACGT-3′, rev (eGFP) 5′-GTCCTCCTTGAAGTCGATGC-3′; hoxa11b: fw 5′-GGTACCCC GTGTCTTTTGTCCATCTAA-3′, rev (eGFP) 5′-GTCCTCCTTGAAGTC GATGC-3′.
Three transgenic lines for Tg(m-Inta11-eGFP) were obtained to confirm the expression pattern. A fourth line containing the cmlc2:mCherry heart marker was also created. To confirm the Hbb minimal promoter does not drive tissue-specific expression alone, a transgenic line Tg(HBB:eGFP; cmlc2:mCherry) was also created and genotyped using the following primers: Hbb: fw 5′-GGATCCCTGGGCATAAAAGTCAG-3′, rev (eGFP) 5′-GTCCTCCTTGAAGTCGATGC-3′.
Zebrafish in situ hybridization. In situ hybridization on whole-mount embryos was performed as previously described 38 . Digoxigenin-labelled antisense RNA probes were generated using the following cDNAs: hoxa13a (500 bp; Addgene 36463), hoxa13b (700 bp; Addgene 36568), hoxa11b (probe 1 (Extended Data Fig. 8c, d) ; 800 bp; Addgene 36466). For hoxa11a/b antisense/sense RNA probes (Extended Data Fig. 9a, b) , hoxa11a (713 bp; Gene ID 58061, NCBI) and hoxa11b (747 bp; gene ID 30382, NCBI) partial cDNAs (exon 1) were obtained by PCR with reverse transcription from total RNA of 24-48 hpf embryos using the following primers: hoxa11a exon 1: fw 5′-AT GATGGATTTTGACGAAAGGGTT-3′, rev 5′-TGTTCCCACCGCTAGTTTTT TCCT-3′; hoxa11b exon 1: fw 5′-ATGATGGATTTTGATGAGCGGGTA-3′, rev 5′-TGCTGCTGCCGCTGAATTTATCTT-3′.
For accurate comparison, hoxa11a and hoxa11b sense and antisense probes, respectively, are identical in length and were transcribed using the same RNA polymerase. In situ hybridizations were also performed in parallel with identical staining times. Transfection and gene expression analysis. 293T cells (ATCC) were transfected using lipofactamine. Cells (800,000) were plated in 6-well plates. Cells were checked for mycoplasma contamination using Venor GeM Mycoplasma Detection Kit (MP0025 SIGMA). A total of 2 μg of DNA (250 ng reporter plasmid, 250 ng effector plasmid or empty expression vector), 25ng of mCherry expression vector as internal control and 1.45 μg carrier pBSK plasmid was used for each transfection. All transfections were performed in duplicates. Then, 24 h after transfection, the medium was changed and 48 h after transfection, cells were processed for RNA extraction. Reporter gene expression was normalized to internal control mCherry (n = 3). Gene expression (Hoxa11) was measured in dissected E11.5 forelimb buds of the Rosa Hoxa11 knock-in embryos that were stored in RNA later before RNA extraction (n = 4).
RNA extraction was done using RNAeasy Plus mini kit (Qiagen 74134). cDNA synthesis was performed using M-MuLV reverse transcriptase (NEB) and a mix of random primers and oligo-dT on 1ug of total RNA. Quantitative real-time-PCR was performed with cDNA and the SYBR Green kit (applied biosystems) using the following primers: fw 5′-AGGAGAAGGAGCGACGG-3′ and rev 5′-GGTATTTGGTATAAGGGCAGCG-3′ (Hoxa11); fw 5′-CTTT GTCAAGCTCATTTCCTGG-3′ and rev 5′-TCTTGCTCAGTGTCCTTGC-3′ (Gapdh); fw 5′-TTGACCTAAAGACCATTGCACTTC-3′ and rev 5′-TTCTCA TGATGACTGCAGCAAA-3′ (Tbp); fw 5′-GCCTACAACGTCAACATCAAG-3′ and rev 5′-GCGTTCGTACTGTTCCAC-3′ (mCherry); fw 5′-GACCCTGA AGTTCATCTGCA-3′ and rev 5′-CCGTCGTCCTTGAAGAAGA-3′ (gfp).
